The development of ion exchange membrane technology has allowed its introduction in many industrial sectors, such as electrodialysis and electrolysis. Nowadays, membranes are the crucial element in electrochemical energy conversion and storage devices. This work is aimed at examining new eco-friendly membranes materials to improve structural, mechanical, electrical and barrier properties. A simple and ecological synthesis of alkaline anion exchange membranes based on a mixed matrix membrane of chitosan (CS) and poly(vinyl) alcohol (PVA) -CS:PVA polymeric matrix -was developed by using a 50:50 wt. % ratio. The CS:PVA matrix was modified with variable loadings of graphene pristine sheets (GPH) ranging between 0,5 and 4.0 wt. %. The physico-chemical characterization of each of the membranes prepared was carried out in order to examine the topology, structure, thermal stability, surface chemistry, and water content (WC), as well as the ionic conductivity by using electrochemical impedance spectroscopy (EIS). Results revealed that the incorporation of graphene (GPH) into the CS:PVA polymeric matrix leads to the improvement of the thermal stability, and the ionic conductivity of the pristine polymeric matrix. The loading of 1.0 wt. % of GPH into CS:PVA was optimal in terms of specific ionic conductivity that is related to surface chemistry of the membrane, WC, and slight roughness of the membrane topology. The presence of GPH only provided a slight loss of crystallinity of the memebrane compared to the unmodified CS:PVA membrane, which also resulted in the reduction of water content with moderately GPH loadings. With regard to the ionic conductivity, an almost twofold increase was obtained compared to the pure CS:PVA for an optimal loading of 1.0 wt. %.
Introduction
An ion exchange membrane generally consists of a polymeric skeleton, on which ions or ionic functional groups of cationic or anionic nature are incorporated into the polymeric backbone, allowing the transport of selectively charged ions [1, 2] . Ion exchange membranes have played an important role in industry, as well as in daily life, among their applications are, for example, oil refineries for water regeneration purposes, drinking water filters, batteries, electrodialysis, fuel cells, biomedical purifications, and controlled drug administration [3] .
From the technological point of view, composition and structure of ionic exchange membranes are the most important aspects to bear in mind. Membrane performance can be considerably enhanced using multi-component materials, i.e., either by blending different polymeric materials or by altering the chemistry of the polymer [4, 5] to improve the properties corresponding to strength, ionic conductivity, thermal and chemical stability, and permeability. Moreover, doping or hybridizing the polymeric matrix via sol-gel methods with inorganic [6] and organic [6, 7] salts may also enhance membrane performance [8] [9] [10] . Particularly, carbonaceous materials are known as additives capable of improving the ionic conductivity, reducing the permeability and increasing the robustness [11] [12] [13] [14] . Polymer industry is generally devoted to the synthesis and manufacture of ion exchange membranes dominated by the use of synthetic polymers obtained from non-renewable resources or complex, toxic 
Methods and Materials

Chemicals and Solutions
Chitosan (CS) was obtained from Sigma-Aldrich (Barcelona, Spain) with a molar mass of 310,000 to 375,000 with a degree of deacetylation with not less than 75 % and viscosity ranging between 800-2000 mPas. Polyvinyl alcohol (PVA), 99 % hydrolyzed, was obtained from Sigma-Aldrich with a molar mass between 85,000 and 124,000. Both CS and PVA were used without further purification. Graphene powder with a purity of 99 %, (GPH, Graphene Nanopowder in flakes), was obtained from Graphene Supermarket, with an average thickness of 8 nm, a specific surface area of 100 m 2 ⋅g -1 and average particle (lateral) of ca. 550 nm. The solutions were prepared using doubly distilled water with a resistivity not less than 18.2 MΩ · cm. All other chemicals were purchased of the highest available quality and were used without further purification.
Preparation of Hybrid Membranes
Polymer matrix based on CS:PVA was prepared from a blend of 1.0 wt. % of CS and 4.0 wt. % of PVA homogeneous solutions in order to reach a polymer mixture of 50:50 weight ratio, as described in our previous work [25] . The polymer blend was stirred for 24 h and then a certain amount of GPH dispersion in water was added into the polymer mixture to get the desired weight percentage of GPH. Graphene percentages were set at 0.5, 1.0, 2.0 and 4.0 wt. %, respectively.
Membranes were named as GPH(x)/CS:PVA, where x stands for the graphene wt. %. A pristine CS:PVA membrane was also prepared in the absence of graphene material for comparison purposes.
Physico-Chemical Characterisation of the Hybrid Membranes
Thickness and Weight of the Membrane
Once the membrane was completely dry and peeled off the Petri dish, its thickness was measured in at least 5-6 spots over memebrane area, so an average thickness was obtained. Thickness measurements were carried out using a micrometer (Mitutoyo Corp., Kawasaki, Japan) with an accuracy of 0.001 mm. The weight of the dried membranes was also measured at this point in an electronic balance to calculate the density of the membranes. The ion exchange was carried out by immersing the membranes in 1.0 MNaOH for 24 h and then thoroughly washed with doubly distilled water to remove the NaOH excess. Finally, the membranes were ready for further characterisation.
Optical and Scanning Electron Microscopy
Before the morphology analysis, activated membranes were allowed to be dried at room temperature. The dry and clean membranes of CS:PVA and GPH/CS:PVA were observed with optical microscopy (Motic MLC-150C microscope) at different magnification of ×4 and ×10. SEM was used to explore the surface morphology of the synthesized membranes. SEM images were obtained using a HITACHI S-3000N microscope, which works at 30 kV with a Bruker XFlash 3001 X-ray detector.
X-ray Photoelectron Spectroscopy, X-ray Diffraction and Thermogravimetry Analysis
XPS experiments were performed using a K-alpha Thermo Scientific spectrometer using AlKα (1486.6 eV) monochromatic radiation by a double crystal monochromator and focusing an X-ray point with a diameter of 400 mm, to 3 mA and 12 kV. The deconvolution of the XPS spectra was carried out using a Shirley background. XRD diffractograms were collected on a Philips X'Pert PRO MPD diffractometer operating at 45 kV and 40 mA, equipped with a Johansson germanium monochromator which provides Cu Kα1 radiation (λ = 1.5406 Å), and a detector of Pixcel solid angle, with a pitch of 0.05 deg.
Thermogravimetric analysis (TGA) was applied to determine the thermal stability and degradation temperature of the different prepared membranes along with the graphene material used as additive for the modification of the pristine blended polymers. A thermal balance DTG-60H (Shimadzu, Japan) was used under air atmosphere. The temperature range studied was between 25-800 °C with a heating rate of 10 °C min -1 .
Water Content
Water content (WC) of the membrane was calculated from the curves obtained from the TGA experiments using equation (1), according to Franck-Lacaze et al. [26] . Both masses m 1 and m 2 of the membranes correspond to the observed minimums of the differential thermogavimetric spectrum at T 1 and T 2 , respectively, with T 1 being the vaporization temperature of water and T 2 the degradation temperature of the polymer, respectively.
Specific Ionic Conductivity
The electrochemical characterisation of the membranes was performed by electrochemical impedance spectroscopy (EIS). The specific ionic conductivities of the hydroxyl anions through the membrane were performed by the EIS measurements using a two-electrode Swagelok cell type, which consists of a Teflon coating with two cylindrical electrodes of stainless steel with 1.13 cm 2 . The membrane was placed between both stainless steel disks in its activated OH -and wet form. The measurements were performed using a micro Autolab equipped with an impedance module FRA at open circuit potential (potentiostatic method). The impedance spectrum was measured over a frequency range between 100 Hz and 0.1MHz with an amplitude potential of 0.01 V at room temperature (25 ± 1 °C). The specific ionic conductivity σ (mS cm -1 ) was calculated using equation (2),
where e is the thickness of the membrane in cm, R is the resistance in ohm of the membrane and A is the area of the membrane in cm 2 . R was obtained by the extrapolation of the Nyquist plot -associated with the diffusion control -to real impedance when imaginary Z equals zero.
Results and Discussion
Topographical Characteristics of the Membranes Figure 1 depicts SEM images of GPH/CS:PVA membranes with varying content of GPH at 0.5, 1.0, 2.0 and 4.0 wt. %. Fig. 1 а corresponding to the GPH (0.5)/CS:PVA membrane exhibits a heterogeneous morphology with roughness probably attributed to the polymer mixture itself [27, 28] . An increase in the content of GPH within the polymer structure provides a more homogeneous and smoother surface (Figures 1 b -d) . This smoothing of the surface could be associated with the enhancement of hydrogen bonds interactions between the graphene or graphenic sheets and the hydroxyl and amino functionalised groups being in the blended polymer. The topographic analysis of the CS:PVA and GPH/CS:PVA membranes with 0.5 and 1.0 wt. % were also analysed by optical microscope, as shown in Fig. 2 .
Figures 2 b and c show how GPH sheets are evenly distributed within the polymeric matrix, although with a certain degree of agglomeration. To sum up, the morphology of the different membranes obtained by SEM and optical microscopy reveales that the synthesis method followed in the present work allows an adequate distribution of the GPH within the matrix based on the mixture of the two polymers.
Membrane Crystallinity Figure 3 depicts the graphene diffractogram used as an additive. The height and width at half intensity of the main peak of the GPH diffractogram is high and narrow, which reveals a crystalline character of the material. The graphene signal appears at 2θ of 26.4° which is attributed to the two dimensional (0 0 2) plane of graphene [29] . Furthermore, the spacing value of the graphene sheets was found to be 0.338 nm equal to that presented in literature [30, 31] .
Moreover, L c and L a parameters were determined by using the Scherrer equation:
, cos
where L is the crystal size, β stands for the full width at half maximum (FWHM) of a certain peak, θ is the diffracted angle, λ is the radiation wavelength and K is the crystal shape factor that depends on the lattice dimension. For carbon materials, K values of 0.9 and 1.84 are used for calculation of L c and L a , respectively, as was proposed by Warren and Bodenstein [32] .
The L c value appeared to be 0.432 nm, while the L a value corresponds to 0.882 nm exhibiting a nanodimensional plane. Considering that the theoretical interlayer distance between two graphene planes is 0.337 nm, the XRD result suggests the presence of 2.28 layered graphenes. Figure 4 а depicts the XRD plot of pristine CS:PVA membrane displaying a sharp peak at 2θ between 10−12°, and a second peak at about 18−22°. who noticed that the addition of GPH and other GPH derivatives in a polymer matrix based on the CS and PVA mixture at a ratio of 10:90 CS:PVA, reduced the crystalline character compared to pure matrix membranes. On the other hand, all the GPH hybrid membrane samples analyzed in this wok exhibit a peak around 26.4° corresponding to GPH nanoplatelets, as shown in Fig. 3 . This peak intensity is more pronounced at higher GPH loadings, although the membrane leads gradually to a decrease in peak intensity at 2θ = 10-12°; this attributed to a slight dispersion of the GPH in the CS:PVA membrane [31], no changes were observed for L a and L c values obtained from equation (3) with the concentration of GPH inside the CS:PVA polymeric matrix.
Surface Chemistry X-ray photoelectron spectroscopy (XPS) is used to determine the functionalised groups of synthesized membranes. In addition, XPS technique provides information about the relative element content. XPS analysis on different doped membranes with different GPH percentages has fundamentally detected the presence of C, O and N, as expected from the chemical composition of the polymers of CS and PVA as well as the presence of GPH nanosheets. Table 1 compiles the bonding energies that appear in the XPS spectra, the relative atomic percentages and the assignment of the functional groups of the pristine GPH and different GPH(x)/ CS:PVA membranes, with x = 0.5 , 1.0, 2.0 and 4.0 wt. %.
From Table 1 , it is seen that the binding energy for the major functionalised groups appear to be similar for all membranes and hence XPS results are independent of the weight percentages of graphene used. The contribution corresponding to the lower binding energies (C 1s, 284.6 eV) is mainly attributed to the presence of graphite or to C -C bonds. Table 1 also shows the N 1s core level energy revealing a binding energy at around 399 eV, attributed to the presence of -NH 2 and -NH -that can be extracted from the surface of the chitosan. Morever, the evolution of the relative atomic concentration of N on the membrane surface as a function of wt. %. is worth noticing. In this regard, GPH(1.0)/CS:PVA membrane presented the lowest value of 1.83 wt. % of atomic nitrogen, corroborating the more hydrophobic character of the above membrane with 1.0 wt. % of GPH. On the other hand, in some cases, the N 1s signal can also be observed with a binding energy at 401 eV which is associated with the presence of C -N and / or -NH 3 + functionalised groups.
Thermogravimetric Analysis
Different GPH/CS:PVA membranes were analysed by TGA to get the respective thermogravimetric curves (TG) (Fig. 5 а) and the plots regarding the differential thermal analysis (DTA) (Fig. 5 b) . TG plots showed three perfectly differentiated stages. As it can be seen in Fig. 5 a, an endothermic effect is firstly produced around 100 °C with a polymer weight loss of 10−15 wt. %, which was attributed to the release of the moisture preferentially absorbed by the polymer CS:PVA matrix. The next step is attributed to the polymer decomposition and also to the elimination of volatile products. The third stage is mostly related to the combustion of the membrane. According to the results shown in Fig. 5 a, the thermal stability has the following sequence: This would indicate that the lower percentages of 0.5 and 1.0 wt. % GPH material into the polymer matrix lead to the improvement of the thermal stability by about 20 °C. In contrast, a detrimental effect on the thermal stability was observed for 2.0 and 4.0 GPH wt. %.
Similarly, differential thermal analysis (DTA) curves show changes in the intensity of exothermic / endothermic peaks, and their peak positions are slightly influenced by the GPH content within the membrane matrix. As shown in Fig. 5 b, DTA curves exhibit a broad endothermic peak around 100 °C which is related to the evaporation of the water, i.e., WC present in the membrane. The peak appearing at temperature ranging between 250 and 350 °C is referred to the decomposition or breaking down of the crosslinking of the CS:PVA polymeric matrix, with a major weight loss of 4.0 wt. %. These results are similar to those shown for grapheme-modified chitosan-based polymers [31] . Moreover, the peak found between 350 and 400 °C is uncertain and also observed in the literature [31] . That could be intrinsically related to the peak found between 250 and 350 °C. Alike TGA plots, the peak present between 400 and 450 °C would be associated with the decomposition of the polymeric matrix. As the GPH loading increases in the matrix, the thermal stability improves due to hydrophilic and electrostatic interactions between CS and GPH.
Water Content Table 2 compiles the values of WC for the GPH(x)/CS:PVA membranes. Water Content values decrease with increasing GPH loading inside the CS:PVA matrix due to the hydrophobic character inferring the carbonaceous additive, thus providing a lower water absorption capacity inside the membrane. Nonetheless, a much higher GPH loading inside the CS:PVA polymeric membrane reverses the above trend thereby retrieving quickly the value obtained for pristine CS:PVA membrane. 
AM&T
A slight decrease in WC value with low GPH loading in the anion exchange membranes also correlates with the slight loss of crystallinity or the degree loss of crosslinking of the polymeric matrix, as shown by the XRD experiments in Fig. 4 b; a decrease in WC is related to the slight loss of crystallinity, so the interaction of oxygen-rich hydrophilic surface of CS:PVA polymeric membrane and graphene sheets is becoming much stronger with moderate GPH loading, thereby reducing the WC value. Furthermore, the homogeneity ammelioration of the membrane surface with GPH loading could be related to the more hydrophobic character of the membrane, and hence its chemistry surface of the membrane. We speculate, nonetheless, that the higher WC values for GPH loadings of 2.0 and 4.0 wt. % is a matter of crosslinking changes and electrostatic interactions between the polymer and GPH sheets.
Specific Ionic Conductivity Figure 6 shows a comparison of the Nyquist plots for different measurements performed in this work with increasing GPH loading. From the EIS experiments performed using a two electrode Swagelok cell, the mean specific ionic conductivity values of the CS:PVA membranes are collected in Table 2 .
Ion exchange membranes exhibit electrical properties that can be modelled as a sum of impedances in an equivalent circuit as depicted in Fig. 7 . Such equivalent circuit is adscribed to an ion exchange membrane placed between two electrodes located in electrochemical cell.
The specific ionic conductivity of the GPH(x)/CS:PVA membranes along with the pristine polymer was calculated by equation (3) . Table 2 compiles the mean ionic conductivity (σ m ) which corresponds to the average of three measurements. The thickness used for the calculation of σ m was the average thickness measured at three different points of the membrane.
The specific ionic conductivities of the GPH(x)/CS:PVA membranes along with the pristine polymer were calculated by equation (2). Table 2 compiles the mean ionic conductivity σ m which corresponds to the average of three measurements. The thickness used for the calculation of σ m was the average thickness measured at three different points of the membrane. As seen in Table 2 , the GPH(1.0)/CS:PVA membrane showed the highest conductivity with a value of 0.270 mS cm -1 followed by the GPH (0.5)/CS:PVA and GPH(4.0)/CS:PVA, and showing the lowest value for the GPH(2.0)/CS:PVA membrane along with the pristine one. Higher GPH loadings did not reveal an improvement in ionic conductivity values, probably attributed to a much stronger GPH electrostatic interaction with the polymeric matrix, and thereby likely hampering the OH -mobility through the membrane. In contrast, lower GPH loading allowed a higher dispersion of the GPH layers within the polymer matrix, being in this regard the percentage of 1.0 wt. % the most optimum value found. Similar results were obtained by Yang, et al. [11] , who describe a remarkable increase in ionic conductivity of the anion exchange membrane using a CS:PVA of 10:90 wt. % ratio when doped with graphene and sulphonated modified graphenes. Therefore, the doping of polymer matrices with GPH sheets improves the electrochemical conductance, even though we found a mismatching in conductances values between our pristine CS:PVA membrane with a 50 to 50 ratio Fig. 7 . Equivalent electrical circuit for an ion-exchange membrane used to fit the impedance spectra [28, 33] . W is the Warburg element or diffusive element; R hf is the resistance at high frequency which corresponds to the combination of internal resistance R int (the resistance between the electrode and membrane surfaces, namely also the free water surface), the electrode resistance, R elec , and R mem as the resistance of the polymeric membrane [34] . Finally, R p denotes the polarization resistance or the charge transfer resistance, and CPE is the constant phase element. CPE is associated with a surface non-homogeneity that provides a non-uniform distribution of current density over the electrode [11] of 10 to 90 ratio in wt. % (0.024 S ⋅ cm -1 ) at 298 K. Finally, it is important to note that the incorporation of GPH provided just a slight loss of CS:PVA crystallinity, as shown in XRD diffractograms. This would indicate that the almost retention of the polymeric crystallinity can be responsible for small improvement in conductance of OH -ions through its polymeric structure.
Conclusion
The morphology of the GPH(x)/CS:PVA membranes is dominated by GPH loading. The crystallinity decreases slightly as the percentage of GPH increases to a value of 4.0 wt. %. However, an increase of GPH does not even cause a complete loss of the crystallinity of the pristine polymeric blend. Nonetheless, the presence of grapheme sheets determines the semi-crystalline behavior of the membrane, and hence the thermal and electrochemical conductance properties. For example, thermal analysis of the GPH(0.5)/CS:PVA membranes reveals a beneficial effect on the thermal stability related to the decomposition of the functional groups of the polymer backbone, although this is only manifested by low GPH loadings. With regards to the specific ionic conductivity of the hydroxyl anion, a remarkable improvement could be expected with increasing in GPH wt. %, as other authors have demonstrated in the literature [11] . However, the nature, textural and surface chemistry properties of the selected GPH are determinant variables when extrapolating or even reproducing part of the results published in the literature. Even although the most optimal percentage of GPH found corresponds to 1.0 wt. %, these results should be subjected to scaling study of the membrane manufacturing process at laboratory and its use in electrochemical devices.
